e Herein, organic template-free MFI-type ZSM-5 zeolites were successfully synthesized by the hydrothermal method using waste materials such as rice husk ash (RHA), rice hull ash (RHuA), and rice straw ash (RSA). The waste materials were locally obtained, precleaned, and properly heat-treated to produce a high-purity crystalline SiO 2 that was used in the synthesis of ZSM-5 zeolites under autogenous pressure in a short reaction time (5 days). The mineralogical phases, morphology, textural and thermal properties of the synthesized products were investigated by X-ray diffraction (XRD), Fourier transform infrared (FT-IR), Raman spectroscopy, high-resolution scanning electron microscopy (HR-SEM), N 2 adsorption/ desorption isotherms (BET), temperature-programmed desorption (NH 3 -TPD), and thermogravimetric analysis (TGA/DTA). The as-synthesized ZSM-5 zeolites showed good crystallinity, and no amorphous material existed in the framework of the ZSM-5 zeolites after calcination and ammonium exchange processes. The characterization results prove that the high crystallinity of RHA as compared to that of the other materials (RHuA and RSA) is due to the high silica content in RHA. The transformation occurs from high-crystallinity RHA into ZSM-5 zeolite and also increases the crystallinity of zeolites. In addition, we have investigated hierarchical ZSM-5 zeolites at various concentrations for their potential cytotoxicity effect against the human lung epithelial cancer A549 cells.
Introduction
Zeolites have a porous crystalline aluminosilicate framework and ordered networks of micropores.
1 Generally, they are used in industry as heterogeneous catalysts for various processes such as catalysis, adsorption, separation, and ion-exchange.
2,3
They have superior catalytic activity due to the presence of zeolitic micropores with enhanced accessibility, transport, and additional larger porous structures within a single system. 4 In recent years, many ordered zeolites have been successfully developed with quintessential hierarchical porous structures within the zeolite material.
4,5
Pentasil-type ZSM-5 zeolites are related to the framework type of MFI [Mobile FIve]. They have generally been used in shape-selective eld because of their well-dened micropores, intrinsic acidity, and high hydrothermal stability. [6] [7] [8] In general, for the synthesis of high-silica zeolites, large quantities of organic ammonium cations were used such as tetraalkylammonium ions and diamine, and they were introduced into the aluminosilicate gels for the formation of the zeolitic framework in which they served as a structure-directing agent or as a space-lling agent. 9, 10 However, the organic templates needed for the synthesis are toxic and highly expensive as well as these organic species enclosed within zeolitic structures can be removed by calcination at high temperatures; this inevitably leads to both energy consumption and environmental pollution. 11, 12 Therefore, organic template-free synthesis of zeolites is strongly desirable since it is more ideal, cheaper, and less toxic. 13, 14 Silica is the second most abundant element on the earth surface, which accounts for approximately 32% of the total weight of it. As a consequence, plants rooted in soil always contain a certain percentage of silicon in their tissues. 15, 16 Some of the silica present in the soil surface is produced as an agricultural waste or as industrial byproducts. For example, the annual yield of rice husks, rice hulls, and rice straws was about 127 million tons in 2008. 17, 18 Many investigations have shown that pure amorphous silica can be prepared from a cheap precursor such as rice husk. 19, 20 Umeda and Kondoh 21 reported the production of high-purity amorphous silica with 99.5-99.77 mass% from rice husks at 800 C. Some successful studies have been previously reported on the production of silica from rice husk with high purity and its application for the synthesis of ZSM-5 zeolites.
22,23
Hence, rice husk ash (RHA), rice hull ash (RHuA), rice straw ash (RSA), and the undesirable agricultural mass residues or y ash from coal combustion in power plants can be used as the sources of silica or carbon. 24 Silica extracted from the waste materials by a suitable alkali solution has been previously reported. 25, 26 The present methodology of preparation of ZSM-5 zeolite deals with the use of waste materials (RHA, RHuA, and RSA) and other aqua-based precursor materials and involves a combination of heating, leaching, and reux treatments. It will be more advantageous as a low-cost process and benecial for controlling the environmental pollution as well.
As per WHO (World Health Organization) survey report published in 2008, the cancer deaths have been accounted as 7.6 million ($13%) worldwide, and these deaths are predicted to reach more than 11 million in 2030. 27 Generally, lung cancer stands as the foremost cause of cancer-related deaths owing to its quick development, high occurrence, and poor diagnosis. Worldwide, <15% (5 years survival rate) lung cancer-related death and health care issues have been observed in the past few years. 28, 29 At present, chemotherapy has been broadly used for lung cancer treatment. However, on the other side, severe side effects have been reported for some antitumor chemotherapeutics. An A549 cell, a human pulmonary epithelial cell line, is oen used as an in vitro model to study the lung toxicity of environmental mutagens and carcinogens. In this study, the MTT assay was used to determine the oxidative stress in A549 lung cells. The impact of hierarchical ZSM-5 zeolites against human lung epithelial cancer A549 cells has not been elucidated to date although their cytotoxicity study has been extensively investigated.
In the present study, we have demonstrated a simple and successful route for the organic template-free synthesis of ZSM-5 zeolite using waste materials (RHA, RHuA, and RSA). The synthesized products were characterized by powder X-ray diffraction (XRD) to conrm the crystallinity of the ZSM-5 zeolite structure. The characteristic vibrational and Raman bands of the hierarchical ZSM-5 zeolites were determined by Fourier transform infrared (FTIR) and Raman spectroscopy. The sample morphology was examined by high-resolution scanning electron microscopy (HR-SEM). Nitrogen adsorption and desorption measurements were carried out to nd the total surface area and pore volume. Acidity and thermal stability of the samples were analyzed by temperature-programmed desorption (NH 3 -TPD) and thermogravimetric analysis (TGA/DTA), respectively. From the abovementioned results, it can be concluded that crystalline silica extracted from RHA can be used to synthesize highly siliceous ZSM-5 zeolite as compared to that extracted from other waste materials used (RHuA and RSA). To the best of our knowledge, this is the rst report on the in vitro cytotoxic effects of various known concentrations of hierarchical ZSM-5 zeolites against A549 human lung cancer cell lines.
Experimental

Materials
Silica-rich waste materials, such as RH, RHu, and RS, were obtained from the local area in the Tiruchirapalli district, Tamilnadu, India, and calcined at 700 C for 6 h at a heating and cooling rate of 4 C min À1 to obtain the corresponding ashes RHA, RHuA, and RSA. Sodium hydroxide (Qualigens ne chemicals, India, purity >97%), aluminium foil (SD Fine-Chem Ltd., India, purity >99%), ammonium nitrate (SD Fine-Chem Ltd., India, purity >98%), and deionized water (DI) were used as the starting materials for hierarchical ZSM-5 zeolite synthesis. For the investigation of cytotoxicity potential, Dulbecco's modied Eagle's medium (DMEM), glucose, L-glutamine, fetal bovine serum (FBS), penicillin, streptomycin, DMSO, and HEPES were purchased from HiMedia Laboratories (Mumbai, India). A human lung adenocarcinoma epithelial (A549) cell line was purchased from the National Centre for Cell Science (NCCS, Pune, India) and preserved in the laboratory. All the chemicals were used as received without further purication. Since NaOH was used, the Na-form of the ZSM-5 zeolite was obtained, and Na-ZSM-5 zeolite was converted into the H-form by continuous ion-exchange using an excess of 1 M aqueous NH 4 NO 3 . The amount of the NH 4 NO 3 solution added was 10 mL g À1 of zeolite. Then, it was ltered, washed, dried at 353 K overnight, and calcinated at 823 K for 5 h to remove the residual water, ammonia, and ammonium nitrate. The same procedure was followed for the synthesis of ZSM-5 zeolites using RHuA and RSA instead of RHA. Then, various concentrations of the zeolite samples were added when the cell reached conuence followed by incubation for 24 h. Finally, the samples were removed from the medium and washed with phosphate-buffered saline (pH 7.4) or DMEM without serum. Aer 24 h of incubation, 20 mL per well of 0.5% 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) was added and incubated for 4 h. Aer incubation, 1 mL of DMSO was added to all the wells. In addition, more amount of DMSO was added to achieve complete solubility, and a yellow dye was changed to purple coloured formazan crystals. The absorbance was measured at 570 nm using a UV spectrophotometer. The percentage of the control is equal to the mean absorbance value for each hierarchical ZSM-5 zeolite concentration divided by the mean value of control cells (control treated as 100%).
Statistical analysis.
The present study data were subjected to one-way analysis of variance (ANOVA), and it was accepted at a level of p < 0.05. This analysis was carried out using SPSS soware version 16 (SPSS Inc., Chicago, IL, USA).
Characterization
Powder X-ray diffraction (XRD) patterns were obtained using the PANalytical X'pert diffractometer with CuKa (l ¼ 1.5418Å) radiation generated at 40 kV and 40 mA. The morphology of the samples was characterized using a high-resolution scanning electron microscope (HR-SEM) (JEM-6700F, JEOL, Japan). FTIR spectra were obtained via an FTIR spectrometer (Perkin Elmer, USA) using the dried KBr pellet technique in the range of 400-4000 cm À1 . Raman bands were observed using a Raman spectrophotometer (STR-250 Seki Technotron Corporation, Tokyo, Japan). Nitrogen adsorption-desorption isotherms were obtained using the Autosorb-1 analyser (Quantachrome, USA). NH 3 -TPD was carried out using Micromeritics Chemisorb 2750, USA, to determine the acid sites on the hierarchical ZSM-5 zeolite materials. TGA and DTA studies were examined using thermogravimetric analytical instruments (NETZSCH STA 44950, Chennai, India), and the test was run by heating the samples up to 700 C at a heating rate of 5 C min À1 under a high-purity nitrogen atmosphere. The cytotoxicity study was conducted using the SPSS soware version 16 (SPSS Inc., Chicago, IL, USA), and the absorbance was measured at 570 nm using a UV spectrophotometer.
3 Results and discussion
X-ray diffraction studies
The powder X-ray diffraction patterns of hierarchical ZSM-5 synthesized from waste materials, such as RHA, RHuA, and RSA, are shown in Fig. 2 
, (102), (112), (131), (022), (051), (313), (323), and (062) planes, respectively. The diffraction peaks matched very well with those reported in the literature 31 and were completely indexed to the ZSM-5 zeolite structure, corresponding to the JCPDS card no. 89-1421. All the as-synthesized samples show the exact ZSM-5 XRD patterns, and no other impurity peak is observed; this indicates high purity of the products. However, the product ZSM-5 prepared from RHA shows higher crystallinity than those prepared from the other waste samples; this indicates the strong directing function of silica for zeolite crystallization. The intensities of the XRD patterns of hierarchical ZSM-5 zeolite differ with silica source although all the samples exhibit typical lines of MFI topology. The increase in line intensities is associated with the increasing silica content of the samples. Therefore, more silica is incorporated into the crystallized solid phase, thus favoring the crystallization of ZSM-5. The average crystallite size of the as-synthesized ZSM-5 zeolite was calculated using the Debye Scherrer formula (1):
where L is the average crystallite size, l is the X-ray wavelength (0.154Å), q is the Bragg diffraction angle, and b is the full-width at half maximum (FWHM).
To obtain the peak position and FWHM, the curves were tted with two Gaussian curves for the determination of peak position and width, which belongs to the monochromatic CuKa radiation. The average crystallite sizes calculated from the diffraction peaks were found to be 27 nm for ZSM-5-RHA, 26 nm for ZSM-5-RHuA, and 23 nm for ZSM-5-RSA. The average crystallite size of the ZSM-5 zeolite differs with respect to the silica source used. The ZSM-5-RSA zeolite showed a smaller crystallite size than ZSM-RHuA and ZSM-5-RHA zeolites.
FTIR studies
The FTIR spectra of the as-synthesized organic-free hierarchical ZSM-5 zeolite samples obtained using the waste materials RHA, RHuA, and RSA are obtained in the range of 4000-400 cm À1 (Fig. S1 †) . All the samples exhibited the typical MFI framework pentasil form of ZSM-5 zeolites. The IR spectra of the synthesized samples clearly showed the characteristic absorption bands at 3644, 3459, 1614, 1224, 1087, 787, 547, and 465 cm À1 , which were assigned to different vibrations of tetrahedral and framework atoms in the ZSM-5 zeolite. 33, 34 The characteristic band at 3644 cm À1 is due to the hydrogen-bonded Si-OH groups, and a broad peak around 3438 cm À1 is attributed to Al-OH in the zeolite framework. The band at 1614 cm À1 is ascribed to the OH bending vibration mode of the residual H 2 O molecules in the zeolite voids. 35 The peaks between 400 and 1200 cm À1 are assigned to T-O-T framework vibrations. The bands at 1087 and 465 cm À1 are due to the internal bending vibration modes of (Si, Al)O 4 tetrahedral of ZSM-5 zeolites, which are insensitive to the framework structure. 36 Note that the vibration bands around 547 cm À1 indicated the presence of double 5-rings in ZSM-5.
37
The bands at 1224 and 787 cm À1 have been assigned to the internal asymmetric stretching vibration and external symmetric stretching of Si-O-T linkage, respectively, and they are sensitive to the ZSM-5 zeolite framework structure.
3.3 Raman spectra study 
HR-SEM analysis
The HR-SEM images of the synthesized ZSM-5 zeolite samples prepared from waste materials are shown in Fig. 3 . Fig. 3(a-f) show the HR-SEM images of ZSM-5-RHA, ZSM-5-RHuA, and ZSM-5-RSA. The SEM images reveal that ZSM-5-RHA has a stick and sheet-like morphology (Fig. 3(a and b) ), ZSM-5-RHuA possesses a stick and needle-like morphology (Fig. 3(c and d) ), and ZSM-5-RSA comprises ber-shaped arrays (Fig. 3(e and f) ); moreover, their dimensions are not uniform, which is common in template-free systems. 41 In a basic medium, silica in ash materials (RHA, RHuA, and RSA) started to dissolve to form silicates. The silicates (SiO 4 ) 4À and aluminate ions (Al(OH) 4 À )
are altered with Na + ions to form the channel-type hierarchical ZSM-5 zeolite, and this alkali metal ion acts as a templating agent for the formation of ZSM-5 zeolite. In the reaction system, silica was dissolved steadily during the synthesis in an alkali medium and used to enrich Si for the enhanced progress of the ZSM-5 zeolite structure. Furthermore, the inner growth of the silica and alumina molecules took place that later had led to the good arrangement of the crystalline stick-, sheet-, needle-, and ber-like morphology for the ZSM-5 framework.
Surface area analysis
The surface area of the samples was determined from nitrogen adsorption/desorption isotherms and is shown in Fig. 4 . All the samples indicated type IV isotherms that contained a vertical uptake under P/P 0 ¼ 0.02 and a hysteresis loop from P/P 0 ¼ 0.45 to P/P 0 ¼ 1, which was due to the coherence of both micropores and mesopores. The adhesion in the low relative pressure region indicates the presence of micropores. The ZSM-5-RHA zeolite hysteresis loop is slightly broader than that of the ZSM-5-RHuA and ZSM-5-RSA zeolites; this conrms the formation of additional mesopores in the ZSM-5-RHA zeolite. In the hierarchical ZSM-5 zeolite catalyst, the development of mesoporosity is usually due to the intercrystalline voids created by the accumulated nanoparticles. 42, 43 These results indicate that the additional mesoporosity is generated without the destruction of microporosity. The parameters including the BET surface area, micropore surface area, mesopore surface area, total pore volume, micropore volume, and mesopore volume are obtained from the BET equation and the t-plot method ( Table 1 ). The results indicate that the surface areas and pore volumes increase with an increase in the silica content of the samples. As can be seen, more silica content of the ZSM- as compared to the case of ZSM-5-RHuA and ZSM-5-RSA zeolite catalysts. The pore size distributions (PSD) of ZSM-5-RHA, ZSM-5-RHuA, and ZSM-5-RSA samples are shown in Fig. 5 . The plots were generated from the BJH desorption isotherm, and the mean pore diameter of ZSM-RHA (1.8 nm) was larger than that of ZSM-5-RHuA (1.74 nm) and ZSM-5-RSA (1.63 nm); this indicated the formation of additional mesopores. Thus, the isotherm results conrmed the formation of the hierarchical ZSM-5 zeolites. These hierarchical structures play a vital role in various catalytic and biomedical applications. [44] [45] [46] 
Temperature-programmed desorption analysis
Temperature-programmed desorption of ammonia (NH 3 -TPD) was carried out to depict the acidic nature of the hierarchical ZSM-5 zeolite samples, as illustrated in Fig. S3 . † As shown in the gure, it has two desorption peaks at 200 C as a lowtemperature peak and at 400 C as a high-temperature peak.
The peaks at 200 C are owing to the weak acidic sites, and the peak at 400 C is ascribed to the strong acid sites (Brönsted and Lewis acid sites). 47 The gure of the ammonia desorption peak of all the hierarchical ZSM-5 zeolite samples is extremely similar. The peak intensity of ZSM-5-RHA zeolite is higher than that of the ZSM-5-RHuA and ZSM-5-RSA zeolite since the hierarchical ZSM-5-RHuA and ZSM-5-RSA zeolite samples have weaker acid strength owing to the tiny quantity of aluminium built in the zeolite structure, and amorphous aluminosilicates of the macropore walls are obtained. The obtained TPD reports are in accordance with the XRD pattern results.
Thermogravimetric analysis
TGA and DTA studies were performed for the as-prepared hierarchical ZSM-5 zeolites to evaluate the weight loss as a function of temperature. The TGA curves of the hierarchical ZSM-5 zeolites show (Fig. S4a †) the respective mass losses as 8.25% (ZSM-5-RHA), 7.70% (ZSM-5-RHuA), and 6.95% (ZSM-5-RSA) up to 200 C, which were ascribed to the removal of water from the zeolite molecules, 47 and the next signicant mass losses at 250-550 C were due to the elimination of inner water molecules or a solid-to-solid phase transition in the ZSM-5 pores. 48 The weight losses occurring at high temperatures of 550-700 C can be attributed to the blazing of impurities, loss of humidity, and elimination of inner water molecules in the zeolite framework. The complete mass loss of Table 1 Textural parameters of hierarchical ZSM-5-RHA, ZSM-5-RHuA, and ZSM-5-RSA zeolites the ZSM-5-RHA catalyst is superior to that of ZSM-5-RHuA and ZSM-5-RSA catalysts. The DTA curves (Fig. S4b †) of the hierarchical ZSM-5 catalysts (ZSM-5-RHA, ZSM-5-RHuA, and ZSM-5-RSA) show a sharp and strong endothermic peak close to 90 C beside three small endothermic peaks at approximately 38, 150, and 220 C. The endothermic peaks indicated the removal of physisorbed water and interior water molecules in the zeolite structure. The thermogravimetric analysis results concluded that all the hierarchical ZSM-5 catalysts were more stable at high temperatures.
In vitro cytotoxicity effects of hierarchical ZSM-5 zeolites
The effects of hierarchical ZSM-5 zeolites on the A549 epithelial cell membrane have been investigated by an in vitro model, which is known to be a more appropriate method to understand the lung epithelium response to ZSM-5. For this purpose, hierarchical ZSM-5 zeolites (ZSM-5-RHA, ZSM-5-RHuA, and ZSM-5-RSA) have been treated with various known concentrations (1000, 500, 250, 175, 89.5, 51.3, and 23.2 mg mL À1 ) of the human lung epithelial cell line A549, which is known to contain adenocarcinoma human alveolar basal epithelial cells, and the cytotoxicity for each concentration level has been measured using the MTT assay. Our results indicate that the A549 cell line undergoes interactions with ZSM-5 zeolites by endocytotic mechanisms. The cells were plated and incubated under an atmosphere of 5% CO 2 at 37 C. Then, zeolite samples were added when the cell reached conuence followed by incubation for 24 h. Finally, the samples were removed from the medium and washed with phosphate-buffered saline (pH 7.4) or DMEM without serum. Then, 20 mL per well of 0.5% 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) was added and incubated for 4 h. Aer incubation, 1 mL of DMSO was added to all the wells. The absorbance was measured at 570 nm using a UV spectrophotometer and DMSO as the blank. 49 The cytotoxicity was determined using 50% growth inhibition of the cancer cells (IC50 value), and from the formula given below, the drug concentration was determined distinctly. The % cell viability was calculated using the following formula (2):
A graph is plotted with the percentage cell viability in the yaxis and various concentrations of the ZSM-5 zeolite samples in the x-axis. Our results indicated that at higher concentrations, there was a direct dose-response relationship of the samples with the tested cells. ), which was observed towards A549 epithelial cell lines treated with hierarchical ZSM-5 zeolites. The abovementioned results indicate that the ZSM-5 zeolites have a signicant role in damaging the A549 human lung epithelial cells and agree very well with that reported previously. 50 The enhanced cytotoxicity is fundamentally owing to strong affinity of these zeolites towards biological macromolecules and their easy permeability to the cellular barriers, which results in the release of reactive oxygen species (ROS) that cause damage to the cellular components through intracellular oxidative stress. obviously explains the cellular response to a toxicant and implicates that the induced cytotoxicity of zeolite nanoparticles is utterly based on their size, shape, and surface chemistry. 52 In Fig. 7 , the cell morphology of A549 human lung cancer cell lines treated with various concentrations of hierarchical ZSM-5-RHA zeolites is displayed. It revealed that the hierarchical ZSM-5-RHA zeolites showed superior cytotoxicity in cell lines than other zeolites, and the control cell displayed a surface with a regular and smooth nature. The cells treated with zeolite samples showed morphological changes, which occurred due to the swelling and breaking of cells. Therefore, the ZSM-5-RHA zeolite particles released into the cells can act as an exogenous carrier and ultimately results in oxidative stress. The resultant effective cytotoxic effect of hierarchical ZSM-5 zeolites discloses that a higher concentration of zeolite particles induces a signi-cant number of reactive oxygen species through mitochondrial dysfunction in both direct and indirect manner and hence results in cell death. The schematic for the cytotoxicity effect of hierarchical ZSM-5 zeolite nanoparticles against A549 human lung epithelial cell lines is shown in Fig. 8 . The different mechanisms proposed were based on the metal ion zeolite particles released that depended on the activation of calcium and stressinducible signalling cascades, which interfered with DNA repair pathways and cause epigenetic changes. 53, 54 During metabolic processes, the continuous generation of ROS induces oxidative stress, which can lead to the DNA breaking, apoptosis, damage of cell membranes, inactivation of enzymes, and damage of genetic material and other vital cell components. 55 Oxidative stress developed from the electron transfer in the reactive oxygen species produces more free radicals such as cOH, H 2 O 2 c, and O 2 c À , and it performs a crucial role in the increase of chronic and degenerative diseases such as cancer, aging, arthritis, cardiovascular, neurodegenerative diseases, and autoimmune disorder. 56, 57 Hence, this study identies the ZSM-5-RHA zeolite as a potential biomaterial with an enhanced cytotoxicity effect, which occurs through the generation of ROS and oxidative stress, against A549 human lung epithelial cell lines. The results indicate that the hierarchical ZSM-5 zeolites synthesized from ricebased waste materials such as rice husk ash, rice hulls ash, and rice straw ash have a superior anti-cancer activity against human lung cancer (A549) cell line and thereby potential applications for cancer therapy.
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Cell viability test
Conclusion
We successfully synthesized hierarchical ZSM-5 zeolites using rice-based waste materials, such as RHA, RHuA, and RSA, as a silica source without using any organic templates, and the samples were characterized using XRD, FTIR and Raman spectroscopy, HR-SEM, N 2 adsorption/desorption isotherms, NH 3 -TPD, and TGA/DTA analysis. This method is inexpensive and does not involve the use of any costly organic templates. It is an eco-friendly and easy method that does not require template removal and needs less synthesis time. The agricultural waste material is converted into high value-added products. Herein, the superior anti-cancer activity of hierarchical ZSM-5 zeolites at various known concentrations against A549 human lung epithelial cell lines was investigated for the rst time.
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